of chloroplast membranes. This treatment, previously demonstrated to reverse thylakoid stacking (13), is shown here to eliminate the cation-sensitive fluorescence in a manner closely corresponding to reversal of thylakoid stacking. The cation sensitivity of PSII photochemistry remains after trypsinization of membranes has eliminated the ability of cations to cause membrane stacking.
In 1966 Izawa and Good (11) first observed the dramatic effect of cations on the chloroplast membrane structure. Incubation of chloroplasts in low salt medium resulted in the unstacking of grana that could be reversed upon readdition of high concentrations of monovalent cations or low concentrations of divalents. These effects have since been confirmed by others (7. 9, 15, 19) . A rather similar cation dependency for both the room temperature increase in variable fluorescence and the PSII photochemistry was first noted by Homann (10) and Murata (16, 17) and subsequently by others (12) . Thus, divalent cations in the range of 1 to 5 mm and monovalent cations in the range of 50 to 150 mm stimulate membrane stacking, fluorescence yield and PSII photochemistry in a reversible fashion. We have demonstrated (13, 14) that the cation influence on PSII fluorescence and photochemistry can be completely separated from one another after treatment of chloroplast membranes with the proteolytic enzyme trypsin. Thus we believe that two different cation interaction sites are involved, in spite of the similar cation requirements manifested by the two responses.
The similar cation requirement for fluorescence stimulation and membrane stacking has led some investigators to speculate on a possible relationship between the two phenomena (9, 10, 15) , although a precise quantitative relationship was demonstrated only recently by Argyroundi-Akoyunoglou and Akoyunoglou (2) .
These authors presented evidence that indicated a very similar cation concentration dependency for the two processes.
In the present study we have examined the relationship between all of these cation-sensitive phenomena utilizing trypsin treatment ' This study was supported in part by Contract ES1 030-76 from the Commission of European Communities and in part by the Consiglio Nazionale delle Ricerche (Rome).
of chloroplast membranes. This treatment, previously demonstrated to reverse thylakoid stacking (13) , is shown here to eliminate the cation-sensitive fluorescence in a manner closely corresponding to reversal of thylakoid stacking. The cation sensitivity of PSII photochemistry remains after trypsinization of membranes has eliminated the ability of cations to cause membrane stacking.
MATERIALS AND METHODS Chloroplasts were extracted from freshly harvested spinach leaves by brief homogenization in a Na-Tricine buffer (30 mm, pH 8.0) that also contained 0.4 M sucrose, 5 mM MgCl2, and 20 mM NaCl. The homogenate was filtered through cheesecloth and centrifuged at 1,500g for 5 min. The pellet was resuspended rountinely in a Na-Tricine buffer (30 mm, pH 7.4), which usually contained 20 mm NaCl, and stored in ice during the 3-to 4-hr period of most experiments. This buffer also served as the reaction medium.
Fluorescence was measured with a Coming-EEL device. The excitation light was 470 nm, and the emission wavelength was 685 nm. The Chl concentration was between 2 and 5 jig/ml. NADP reduction was measured using an Aminco-Chance dual wavelength spectrophotometer at 340 minus 400 nm in a Tricine buffer (30 mM, pH 8.0) with 10 nM NaCl. Ferredoxin was added at a concentration of 2.4 .uM (which was saturating), NADP was added at a concentration of 0.5 mM, and gramicidin was always added at a concentration of 1.5 tM. The A change at 340 minus 400 nm was ascertained to be due to NADP reduction by addition of oxidized glutathione and glutathione reductase. Illumination was for 1.5 Electron microscopy was performed on chloroplast samples fixed in 2% glutaraldehyde and postfixed with 2% osmium tetroxide. The samples represented in Figure 2 were dehydrated, embedded in Epon, and stained with uranyl acetate in 50o ethanol and lead citrate. For those shown in Figure 3 , after postfixation in osmium tetroxide, the samples were embedded in agar and treated with uranyl acetate in 75% ethanol during dehydration. After dehydration, samples were included in Epon and stained with lead citrate.
Trypsin (Sigma, bovine pancreas type 1) was dissolved in the reaction buffer, which also contained CaCl2 (20 mM) for enzyme stability (8) . It was added to the reaction cuvette, which already contained chloroplasts equilibrated for 1.5 or 2 min at room temperature, at concentrations that ranged from 0.3 to 2.5 ,ug/ml, depending on the experiment. The dilution factor was 1 part enzyme to 300 parts reaction medium, which ensured dilution of the CaCl2 to insignificant levels. When necessary, trypsin digestion was terminated by the addition of a 20-fold excess of trypsin inhibitor (Sigma). All salts used were analytical grade. (Table I ). The smal trypsin-elicited fluorescence decline in the absence of MgCl2 is thought to be attributable to the reversal of the fluorescence due to the 20 mm Na+ present, since it does not occur in the absence of Na+ (unpublished data).
RESULTS

Results
We investigated the cation specificity of this protection against trypsin inhibition of the cation-stimulated fluorescence (Table   IA) . Clearly, divalent cations other than Mg2' are also highly 
The cation specificity for fluorescence stimulation is presented in Table IB . It can be seen that in these experiments at subsaturating levels of both divalents and monovalents, Ba2+ was slightly more effective than Mg2+, with Ca2+ and Mn2+ considerably less effective and monovalents much less effective. There is a substantial correspondence between these data and the cation specificity for inhibition of trypsin digestion of the cation stimulation of fluorescence.
We should point out that the cation-induced fluorescence is insensitive to high concentrations of lipase, although this enzyme does inhibit PSII activity (4) .
In preliminary experiments we noticed that low trypsin concentrations were able to cause unstacking of thylakoids that had been induced by both monovalent and divalent cations. We therefore investigated whether or not the fluorescence reversal and grana unstacking might be related and whether or not there was any competition between trypsin and cations in grana unstacking. The data of Figure 2 show the results of such an experiment. Typical profiles of thylakoid preparations are presented. Comparing Figures 2A and 2B one sees the often reported effect of Mg ions in promoting thylakoid stacking and fluorescence yield. Both the fluorescence stimulation and the amount of membrane stacking were saturated by 5 mm MgCl2. After a 2-min incubation with trypsin, chloroplasts treated with 5 mM MgCI2 (Fig. 2C) displayed a fluorescence yield similar to that of the chloroplasts not treated with MgCl2 ( Fig. 2A) , and little or no membrane stacking was apparent. However, those chloroplasts incubated with trypsin for 2 min at a MgCl2 concentration of 10 mm displayed the usual protective effect of a high salt concentration against trypsin-induced inhibition of the cation fluorescence (Fig. 2D) Ar cantly, the level of membrane stacking was also noticeably protected against trypsin reversal at this higher salt concentration. Only after 5 min of trypsin digestion did the level of membrane stacking and fluorescence yield in 10 MM MgCl2 chloroplasts approach the level observed in the absence of added salt (data not presented). These data demonstrate a close correspondence between the rate of trypsin digestion of cation-induced Chl fluorescence and membrane stacking and indicate that high MgC12 concentrations protect both phenomena from trypsin attack.
In another series of experiments we treated chloroplast membranes with trypsin in the absence of Mg2+ for different periods of time and then investigated the capacity of membranes to restack upon subsequent cation addition. Figures 3A, 3B , and Table II show that cation addition in the absence of trypsin digestion caused the usual thylakoid stacking, increase in fluorescence yield, and stimulation of PSII photochemistry (measured as the reduction of NADP+ with water as the electron donor). Under the strictly light-limiting intensities utilized here, the rate of PSII turnover seems to be the rate-limiting reaction for three main reasons. First, with the same light the reduction of NADP mediated by, PSI alone, using reduced dichlorophenol indophenol as 4~~~* s *4; electron donor in the presence of DCMU, is about 50%o faster than the reduction of NADP using water as the donor system (unpublished observations). Second, cations stimulate the reduction of NADP with water as the electron donor when light is strictly ratelimiting (14) , while cations are known to exert an inhibitory effect on PSI (5, 14, 16) . Third, trypsin drastically reduces the photochemical efficiency of PSII (20) and also the efficiency of NADP reduction measured here (Table II) , while there is no effect on PSI photochemical efficiency as measured by methyl viologen reduction with reduced dichlorophenol indophenol as electron donor (14) . Thus, while we believe that PSI is required for NADP reduction, changes in its turnover rate or efficiency do not seem to have been measured under our conditions. After 1.5 min of treatment with trypsin, the cation effect on Chl fluorescence had been completely eliminated, while we observed a significant stimulation of PSII photochemistry. Figure 3C shows that membrane stacking upon cation addition had also been prevented by trypsinization. These data support the conclusion that cation-induced membrane stacking and cation-induced fluorescence are similarly sensitive to trypsin, while the cation stimulation of PSII photochemistry clearly has a different sensitivity. We should emphasize Effect of MgC12 addition on thylakoid membrane stacking before and after treatment with trypsin. Chloroplasts, at a Chl concentration of 20 ,ug/ml, were incubated for 1.5 min with or without trypsin (1.3 gsg/ml), when a 15-fold excess of trypsin inhibitor was added. At this point MgC12 (5 mM) was added when required, and after an additional 4-min incubation a sample was taken and diluted 10 times into the appropriate cationcontaining buffer for fluorescence determination, and another sample was removed for the measurement of NADP reduction (see under "Materials and Methods). These data are presented in Table II . Glutaraldehyde was added to the remaining chloroplasts in preparation for electron miscroscopy. A: -trypsin, -Mg (x 18,000). B: -trypsin, + Mg (x 23,000). C: + trypsin, + Mg (x 13,000). that light intensity was always strictly limiting during measurements of electron transport. The decrease of PSII efficiency due to trypsinization is kinetically clearly different (slower) from the trypsin effect on cation-induced fluorescence and thylakoid stacking (14) . DISCUSSION The formation of stacks of thylakoids in chloroplasts incubated in low salt medium, promoted by cations within similar concentration ranges as those that stimulate fluorescence (7, 9, 11, 15, 19) , is demonstrated to be reversed by trypsin treatment of the membranes. This inhibition of membrane stacking by trypsin is irreversible: when chloroplast membranes were treated with trypsin (in the absence of cations) long enough to eliminate the stimulation of fluorescence by cations, their subsequent addition did not cause restacking. Furthermore, if cations are present during the action of trypsin, they protect both the ability to form membrane stacks as well as the cation stimulation of fluorescence against trypsin. Thus the two phenomena, namely membrane stacking and cation-induced fluorescence, seem to be closely associated. This correlation does not apply to the cation stimulation of PSII photochemistry, which remained after trypsinization had eliminated the ability of chloroplasts to manifest cation fluorescence and membrane stacking. We interpret these data to indicate that cation-induced membrane stacking and fluorescence yield probably involve the same cation-binding site. Murakami and Packer (15) suggested the possibility that hydrophobic forces may be involved in thylakoid stacking, with cations neutralizing the negative charge environment. On the other hand, Nicolson (18) has suggested that the environment is hydrophilic on the basis of electron microscope studies with stains expected to react only with hydrophilic parts of the membranes. The data presented here, that stacking is highly sensitive to treatment with trypsin, a water-soluble protein that hydrolyzes exposed lysyl and arginyl peptide bonds, are clearly in accordance with Nicolson's suggestion. It seems likely to us that stacking is caused by cation bridges between proteins, at least in part superficially located on thylakoid membranes.
Despite earlier indications that membrane stacking may somehow increase photosynthetic efficiency based largely on a similar cation concentration requirement for the two processes (10, 16, 17) , the data presented here defmitely eliminate this possibility. PSII efficiency is still highly sensitive to cation addition even after complete membrane destacking has been brought about by trypsin digestion.
